Introducing immunomodulatory molecules into allografts by gene transfer may avoid the side-effects of systemic immunosuppression. vMIP-II and MC148 are two recently identified chemokine homologues encoded by human herpes virus 8 and Molluscum contagiosum, respectively, that have antagonistic activities against multiple different CC and CXC chemokine receptors. We hypothesized that introduction of these molecules into cardiac allografts may block leukocyte infiltration into the grafts and prolong survival. Vascularized and nonvascularized cardiac allografts in mice were performed and plasmid DNA encoding vMIP-II, MC148 and/or vIL-10 was transferred into the allograft at the time of transplantation. Gene transfer of either vMIP-II or MC148 into cardiac allografts markedly prolonged graft survival. Combining gene transfer of either one of these chemokine
Introduction
The recruitment and activation of recipient leukocytes in response to a transplanted organ constitute the initial steps of a complex immune response which ultimately culminates in rejection of the graft. Chemokines play a crucial role in initiating the rejection process, in that they are the primary molecules involved in leukocyte recruitment. 1 Chemokines consist of a large family of small secreted proteins that bind to G protein coupled membrane receptors, and are generally divided into two structural groups. [1] [2] [3] The CXC, or ␣ chemokines, generally attract neutrophils whereas the CC, or ␤ chemokines, are primarily chemoattractant for monocytes and lymphocytes. [1] [2] [3] CXC chemokines usually exhibit high affinity for a single receptor, whereas CC chemokines are more promiscuous and bind to and activate multiple receptors. 4 In addition, two new chemokines have been discovered that do not fall into the original CC and CXC classification. Lymphotaxin (C) has only one of the first two conserved cysteine residues, 5 and fractalkine (CXXXC) has three amino acids separating the first two cysteines. 6 Since antagonists with vIL-10 gene transfer, which has a mechanistically different immunosuppressive action, further enhanced graft survival. vMIP-II and MC148 gene transfer both resulted in a marked decrease of donor-specific cytotoxic T lymphocytes (CTL) infiltrating the grafts and inhibited alloantibody production. These results demonstrate that plasmid-mediated gene transfer of virally encoded chemokine antagonists vMIP-II and MC148 can block donor-specific lymphocyte immunity within cardiac allografts and prolong graft survival. This is a new mechanistic approach to analyze, treat, and prevent graft rejection. Delivery of these or related molecules by gene transfer or conventional pharmacologic means may represent a novel therapeutic modality for alloactivation. Gene Therapy (2000) 7, 575-582.
chemokines play a crucial role in the physiologic process of leukocyte recruitment and activation, they have often been considered as potential targets for immunomodulation. However, antichemokine therapies have been hindered by the redundancy of the chemokine system. Multiple chemokines, many with overlapping activities, are usually induced at inflammatory sites and many different chemokine receptors can be expressed by a single type of cell. 1 Thus, it is difficult to inhibit inflammatory responses by antagonizing a single chemokine or its receptor. To overcome the redundancies of the chemokine system, molecules must be identified that have the capacity to bind to and antagonize multiple chemokine receptors.
Human herpes virus 8 (HHV8) is the infectious agent now believed to be responsible for Kaposi's sarcoma in both HIV and non-HIV infected individuals. [7] [8] [9] [10] [11] [12] [13] Unique among known human herpes viruses, HHV8 encodes a gene product, designated vMIP-II, which shows sequence similarity to the human chemokine family.
14,15 vMIP-II is most closely related to the CC chemokines, having 41.1% amino acid sequence homology to MIP-1␣.
14,15 vMIP-II is unique in its ability to bind to both CC and CXC chemokine receptors. 16, 17 Binding of vMIP-II to its receptors does not result in the normal, rapid mobilization of calcium from intracellular stores; instead it blocks calcium mobilization induced by endogenous chemokines. Thus, it appears that the virus has optimized vMIP-II, possibly as a viral defense mechanism, such that it is capable of binding and blocking multiple human chemokine receptors, in order to prevent the recruitment and activation of leukocytes. Similar to HHV8, the 190 000 base pair genome of the pox virus Molluscum contagiosum also contains an open reading frame encoding a chemokine homologue. 18 Molluscum contagiosum encodes the gene product MC148, which is most closely related to human CC chemokines. 18 Similar to vMIP-II, MC148 is also capable of binding to multiple CC and CXC chemokine receptors, and inhibiting chemotaxis induced by endogenous chemokines. 19, 20 In comparison with human CC chemokines, the amino terminal region is significantly shortened on MC148. 18 It is this amino terminal region of the protein that is believed to be involved in receptor activation, 21 and probably as a result of this deletion, MC148 is a chemokine antagonist. Interestingly, a remarkable feature of Molluscum contagiosum is that infectious skin lesions contain large numbers of viral particles yet lack an inflammatory cell infiltrate. 22 Based upon sequence similarity, it is believed that both vMIP-II and MC148 were probably acquired by these viruses through acts of molecular piracy on human chemokines. Since vMIP-II and MC148 are both potent chemokine antagonists capable of binding to multiple chemokine receptors, we hypothesized that introduction of these molecules into cardiac allografts may block leukocyte infiltration into the grafts and prolong survival.
16
Acute allograft rejection is normally controlled by administering immunosuppressive pharmacologic agents to transplant recipients. However, systemic immunosuppression often leads to opportunistic infections and drug-specific side-effects. Gene transfer has the potential to introduce immunoregulatory molecules directly into the graft, producing a localized immunosuppressive environment without systemic side-effects. [23] [24] [25] Thus, in the present study, we chose to utilize gene transfer technology to deliver more effectively vMIP-II and MC148 gene products into the graft in vivo, and identify immunologic mechanisms associated with enhanced graft survival.
Results
Chemokine gene transfer prolongs graft survival Expression vectors encoding vMIP-II and MC148 were created by employing PCR cloning techniques. Utilizing the heterotopic, nonvascularized neonatal heart ear pinna model, plasmid DNA encoding either vMIP-II or MC148 was directly injected into C57BL/6 cardiac allografts placed into CBA/J recipients ( Table 1) . Administration of the vMIP-II plasmid significantly extended allograft survival to an average of 20.8 ± 1.3 days, compared with 13.4 ± 0.8 for controls. Similarly, injection of plasmid DNA encoding the virally derived MC148 molecule also significantly prolonged allograft survival (25.5 ± 1.0 days). Injecting grafts with a combination of vMIP-II and MC148 plasmid DNA did not further extend graft survival, implying that these two molecules function through related mechanisms. Previous studies in our laboratory demonstrated that gene transfer of another virally derived molecule, viral IL-10 (vIL-10), can also significantly extend graft survival. [24] [25] [26] Unlike vMIP-II and MC148, vIL-10 is not a chemokine antagonist. Instead, vIL-10 functions by inhibiting cytokine production and down-regulating important costimulatory molecules. [27] [28] [29] [30] [31] [32] Thus, we hypothesized that combining either of the chemokine antagonists vMIP-II or MC148 with vIL-10 may further prolong graft survival by decreasing leukocyte infiltration into grafts, as well as inhibiting cytokine production and cell activation. Gene transfer of vMIP-II combined with vIL-10 had at least an additive effect, extending graft survival to 35.7 ± 0.4 days. The result of vIL-10 gene transfer combined with MC148 was no better than either molecule alone, prolonging graft survival to 27.5 ± 1.0 days.
The initial experiments utilized the nonvascularized neonatal heart ear pinna model. Although informative, this model system is not directly clinically applicable. To address the plausibility of utilizing vMIP-II and MC148 gene transfer in a more clinically relevant vascularized model and delineate the immune mechanisms responsible for extended survival, BALB/c cardiac allografts were perfused with plasmid DNA encoding vMIP-II or MC148 complexed with the lipid ␥AP DLRIE/DOPE, and graft survival determined following transplantation into C57BL/6 ( Table 2 ). Both vMIP-II and MC148 gene transfer resulted in a modest, but statistically significant, increase in graft survival ( Table 2 ). The small increase in survival times is likely due in part to the fact that while plasmid-mediated gene transfer is consistent in our model, the resulting transgene expression is low and transient. 24 Detection of gene products by ELISA or immunohistochemistry was not possible because antibodies specific for vMIP-II and MC148 do not exist. However, the results of RT-PCR analysis of graft tissues do show specific expression of gene transcripts ( Figure 1 ). Although our previous studies with plasmid-mediated gene transfer in this model showed some transient and low level transcription of transferred genes in tissues outside the graft, the vast majority of transgene expression is intragraft. 26 Chemokine antagonist gene transfer does not inhibit leukocyte accumulation within the graft In order to determine the effects of vMIP-II or MC148 gene transfer on immune competence, animals were killed at 7 days after transplant, as this is the time the peak rejection response occurs in unmodified grafts. Graft infiltrating cells were isolated, and fluorescent flow cytometry was used to determine the composition of cells that had migrated into the grafts transduced with vMIP-II, MC148, or ␤-galactosidase, which was used as a control (Table 3) . Somewhat unexpectedly, there were no significant differences in the total number of cells infiltrating vMIP-II or MC148 transfected grafts compared with ␤-galactosidase controls. In addition, there were similar percentages of macrophages and lymphocytes in all grafts evaluated, and there did not appear to be any significant changes in the ratio of CD4-to CD8-positive cells. Thus, transfer of chemokine inhibitor genes did not prevent homing to the allograft at the levels of gene expression achieved, but did enhance graft survival. The Data are expressed as the percent of the total cell number. Flow cytometry was performed on graft infiltrating cells harvested from two to three mice per group.
Gene Therapy lack of effect on cell numbers may be due to the restricted and low expression of the peptides within the graft.
Intragraft, but not systemic, cell-mediated immunity is inhibited Limiting dilution analysis was performed on graft infiltrating cells and splenocytes to determine donor alloantigen-specific precursor frequency for HTL and CTL.
Results are representative of three separate experiments performed on groups of two to three animals at each time-point. At day 7 after transplant, there were no differences in the total number of donor-specific graft infiltrating or splenic HTL in vMIP-II-and MC148-transduced grafts, compared with ␤-galactosidase controls ( Figure  2a ). However, there was a large decrease in the number of donor-specific CTL infiltrating the chemokine antagonist-transduced grafts ( Figure 2b ). As previously seen in untreated allografts, 26 large numbers of donor-specific CTL infiltrated the ␤-galactosidase-transduced grafts (1/258 cells). In contrast, transducing grafts with either vMIP-II or MC148, inhibited the accumulation of donorspecific CTL within the grafts (1/1941 for vMIP-II and 1/1507 for MC148). This effect remained localized in that there were no significant differences in the number of donor-specific splenic CTL in animals receiving vMIP-II or MC148 grafts compared with ␤-galactosidase controls. This suggests that gene expression remained localized, as shown previously in our model. 24, 25 Since graft infiltrating donor-specific CTL, but not splenic CTL, frequencies differed markedly between the experimental and control groups, while the total number of CD8-positive cells remained the same, it appears that the chemokine antagonists did not prevent homing to the graft, but rather maturation and/or proliferation of donor-specific CTL within the graft. (Table 4) . However, it appears that IgM alloantibody production was not eliminated, but rather delayed, since increased levels of IgM alloantibody were detected at later timepoints. None the less, little IgG1 and IgG2a alloantibody were detected at 11 days after transplantation, a time at which vMIP-II-and MC148-transduced grafts were eventually rejected. Differential production of Th1 and Th2 cytokines can be reflected in alloantibody isotype production. IgG1 is indicative of a Th2-type response, whereas IgG2a is indicative of a Th1-type response. In the vMIP-II-and MC148-treated animals that exhibited IgG production, there was consistently more IgG2a alloantibody produced than IgG1, suggesting a conventional Th1-type rejection response, similar to that seen in the ␤-galactosidase and untreated controls.
Humoral immunity is inhibited
Since it was determined that vMIP-II and MC148 gene transfer partially inhibited components of both humoral and donor-specific cellular immune responses, we next questioned how the transduced grafts ceased functioning. Donor allogeneic cardiac grafts were harvested on days 7 and 11 after transplantation, fixed in formalin, sectioned, and stained with hematoxylin and eosin ( Figure 3 ). Histologic analysis of vMIP-II-and MC148-transduced grafts at 7 days after transplant showed prominent mononuclear infiltrates, similar to those seen previously in unmodified control grafts (Figure 3a and c). 26, 33 This day 7 histologic analysis correlated with the flow cytometric data (Table 3 ). In addition, the day 7 vMIP-II-and MC148-transduced hearts also had distinct areas of fibroblast-like infiltrate, as well as granulation tissue. Interestingly, when recipients are depleted of CD8 + T cells this histologic picture of rejection is also observed. 33 Hence, the fibroblast containing infiltrate may be a reflection of the decrease in the number of donorspecific CD8
+ CTL. In contrast to the fibroblasts, the mononuclear cell infiltrate observed on day 7 after transplant was transient, and prolonged survival (day 11) of vMIP-II-and MC148-transduced grafts was associated with a lack of mononuclear infiltrate. Instead, large patches of dead myocytes and thrombosed arteries, typical of ischemic injury, were visible in day 11 post-transplant tissue samples (Figure 3b and d) . Thus, the histologic data suggest that the eventual loss of graft function was the result of myocyte injury, possibly due to the eventual evolution of donor-specific cellular and humoral immune responses. None the less, this histology is markedly different from that of control unmanipulated rejecting allografts.
26,33

Discussion
This study addressed the feasibility of utilizing the virally derived chemokine antagonists vMIP-II and MC148 to transduce cardiac allografts and inhibit graft rejection, as well as defining the immunomodulatory mechanisms associated with enhanced graft survival. Direct injection of plasmids encoding either vMIP-II or MC148 into nonvascularized allografts significantly prolonged graft survival. Combining vMIP-II and MC148 did not further enhance survival, suggesting that these two molecules may be working by similar mechanisms, such as blocking the recruitment and/or activation of leukocytes. However, combining vIL-10, which functions by inhibiting cytokine production and down-regulating costimulatory molecules, [27] [28] [29] [30] [31] [32] with vMIP-II markedly increased graft survival compared with either gene administered alone. In contrast, vIL-10 did not enhance MC148 immunosuppression, suggesting some differences between the two chemokine inhibitors. Alternatively, these findings may reflect different levels of protein expression. Although the vascularized grafts only exhibited modest prolongation of graft survival, our previous report 26 is the only other published study that evaluates plasmid gene transfer of immunomodulatory molecules to vascularized cardiac allografts, and those studies demonstrated that vIL-10 gene transfer can extend vascularized graft survival to a mean of 16.0 ± 2.3 days. As was the case with vIL-10, vMIP-II and MC148 gene transfer extended graft survival but this was not indefinite and tolerance was not achieved. This may be due in part to the fact that plasmid-mediated gene transfer is inefficient and the resulting transgene expression is low and transient. 24 Additional approaches will be required to improve nonviral and viral gene transfer and expression, such as optimization of nucleic acid delivery, transcellular transport, nuclear localizing signals and selective promoters. Furthermore, it is also unlikely that a single modality can achieve alloantigen-specific tolerance since there are multiple, separate arms of alloimmune responsiveness. Thus, a b c d
Figure 3 Cardiac allografts were fixed in formalin, sectioned, and stained with hematoxylin and eosin for examination by light microscopy (× 200). (a) vMIP-II-transduced graft 7 days after transplantation; (b) vMIP-II-transduced graft 11 days following transplantation; (c) MC148-transduced graft 7 days after transplantation; (d) MC148-transduced graft 11 days following transplantation.
chemokine antagonists may be more effective when combined with other agents. Mechanistically, we were able to demonstrate that both vMIP-II and MC148 gene transfer inhibited humoral and cellular immune responses. Alloantibody production was decreased and delayed compared with ␤-galactosidase controls, even though the numbers of donor-specific IL-2 secreting HTL were unaffected. This could imply that the chemokine inhibitors act directly on B cells. In addition, even though flow cytometry indicated similar numbers of T cells infiltrating transduced grafts, vMIP-II and MC148 grafts had a significant decrease in the total number of donor-specific CTL residing in the grafts compared with controls. The lack of effect on donor-specific HTL implies a direct effect on CTL precursors. The data suggest that the primary effect of the peptides was to inhibit cellular maturation and/or activation rather than homing. In this regard, recent reports demonstrate that the chemokine fractalkine is highly expressed in heart tissue and that it has significant effects on CD8
+ but not CD4 + T cells. 34 Although it is unknown if MC148 can interact with the fractalkine (CX 3 CXR1) receptor, it has been reported that vMIP-II binds this receptor with high affinity. 6, 34, 35 Several reports have now documented the ability of vMIP-II to act as a chemokine antagonist in vitro. 16, 17, 36 Kledal et al 16 found that vMIP-II binds to the human chemokine receptors CCR1, CCR2, CCR3, CCR5 and CXCR4, and antagonizes MIP-1␣, MIP-1␤ and RANTES on human monocytes in vitro. Furthermore, evidence that vMIP-II acts as an antiinflammatory agent in vivo was recently reported by Chen et al, 36 utilizing a well established kidney inflammatory disease model in WistarKyoto rats. Daily administration of nanomolar concenGene Therapy trations of vMIP-II effectively attenuated leukocyte infiltration into the kidneys and significantly reduced any ensuing renal injury. 36 In contrast, there have been no in vivo studies reported on the effects of MC148, and only two reports document the antagonistic effects of MC148 in vitro. 19, 20 Krathwohl et al 19 initially reported that MC148 can block the in vitro chemotactic response of human monocytes to MIP-1␣, and Damon et al 20 expanded this finding by demonstrating that MC148 was a potent chemotactic inhibitor of not only human monocytes, but of multiple leukocyte subsets responding to both CC and CXC chemokines. MC148 was found to functionally interact with human CCR1 and/or CCR5, CCR2, CCR8, CXCR1 and/or CXCR2 and CXCR4. 20 Our study is the first to demonstrate that MC148 is effective not only on human cells but also on rodent cells, and inhibits leukocyte function in vivo.
Initially, chemokines were identified as attractants of different types of leukocytes to sites of infection and inflammation.
1,2 However, chemokines are now known also to function as regulatory molecules in leukocyte maturation, trafficking and homing, and development of lymphoid tissues. 3 Furthermore, chemokines can function to costimulate lymphocyte proliferation, cytolysis, and cytokine production. [37] [38] [39] For example, ␤ chemokines are capable of augmenting mouse and human CTL and NK cell, but not lymphokine-activated killer cell or antibodydependent cell cytotoxicity-specific cytolytic responses. 39 In addition, various ␤ chemokines can induce CTL and NK cells to degranulate and release granule-derived serine esterases. 37 The T cell costimulatory molecule B7-1 can be induced by various ␤ chemokines. 37 Chemokines also enhance anti-CD3 mAb, antigen-specific, and alloantigen-specific T cell proliferation. 37, 38 Chemokine treat-ment of T cells in vitro increases the level of cell surface CD25 and soluble CD25 as well as augmenting IL-2 production. 38 In our studies we found no difference in the number of graft infiltrating CD8 + T cells in vMIP-II and MC148 grafts compared with ␤-galactosidase controls, however, there was a significant decrease in the total number of donor-specific CTL. These data suggest that the virally encoded chemokine antagonists vMIP-II and MC148 inhibited the costimulatory functions of endogenous chemokines that are responsible for the maturation and/or activation of functional graft reactive CTLs. Since chemokines play such an essential role in the inflammatory process, they are good targets for the development of anti-inflammatory therapies. Yet, the redundancy of the chemokine system has made this approach problematic. Molecules such as vMIP-II and MC148, which have the ability to bind and antagonize multiple chemokine receptors, may prove to be highly effective. Because it is the amino terminal of chemokines that determines much of their specificity, 21 it may be possible to build chimeric molecules that incorporate the amino terminals of these chemokine blockers. The amino termini could then be grafted on to the ␤-sheet carboxyl scaffolding of molecules such as human IL-8 to 'humanize' the inhibitors and make reagents that are less likely to be immunogeneic in vivo. Our results demonstrate that plasmidmediated gene transfer of the virally encoded chemokine antagonists vMIP-II and MC148 can block donor-specific CTL expansion in cardiac allografts, inhibit alloantibody production, and extend graft survival. Delivery of these or related molecules by gene transfer or conventional pharmacologic means may represent a novel therapeutic modality for the treatment of acute allograft rejection. 
Materials and methods
Animals
Medium
The culture medium was DMEM supplemented with 1.6 mm l-glutamine, 0.27 mm l-asparagine, 10 mm Hepes buffer, 1.0 mm sodium pyruvate, 100 units/ml penicillin/streptomycin (all obtained from Gibco, Grand Island, NY, USA), 5 × 10 −5 m 2-ME (Sigma Chemical, St Louis, MO, USA) and 10% heat inactivated fetal calf serum (Sigma Chemical).
Plasmids PCR was used to amplify the vMIP-II gene from a Kaposi's sarcoma biopsy (a gift from Dr G Nabel, UMHS), and to clone the MC148 ORF from a vaccinia viral vector (a gift from Dr B Moss, NIH). The primers used to amplify the vMIP-II gene were 5Ј-ATTAGCTAGCATGGACAC-CAAGGGCATC-3Ј (upstream) and 5Ј-ATTAGGATCCT CAGCGAGCAGTGACTGG-3Ј (downstream), and the MC148 gene primers were 5Ј-ATTAGCTAGCATGG GGAGGGGCGGAGAC-3Ј (upstream) and 5Ј-ATTAG-GATCCTTACAGAGACTCGCACCC-3Ј (downstream).
The PCR cycle used for both vMIP-II and MC148 was 94°C for 1 min, 57°C for 1 min, and 72°C for 2 min for 40 cycles. The MC148 and vMIP-II genes were then independently placed into the pMP6A expression plasmid. 40 The pMP6A expression plasmid utilizes the HCMVie promoter and an SV40 poly A tail. Sequencing of the clones was performed to confirm the correct gene product with no mutations. As a control, pMP6A-␤gal was used.
Plasmid-mediated gene transfer to nonvascularized cardiac allografts The heterotopic, nonvascularized cardiac transplantation model was used as previously described. 41, 42 Briefly, donor neonatal C57BL/6 mice were killed, whole hearts removed, and placed in the subcutaneous position of the ear pinnae of CBA/J recipients. Twenty micrograms of plasmid DNA in 5 l of phosphate-buffered saline was directly injected into the graft at the time of transplantation. Survival of cardiac allografts was followed with EKG monitoring (Polygraph 78 series with preamp filters; Grass Instruments, Quincy, MA, USA) every other day. Cessation of cardiac electrical activity was the determinant of rejection. There were at least four mice per group. Statistical comparison was performed using Students's t test, with P Ͻ 0.05 considered as significant.
Lipid-mediated gene transfer to vascularized cardiac allografts Heterotopic cardiac transplantation was performed by anastomosing BALB/c donor hearts to the great vessels in the abdomen of C57BL/6 recipients as described by Corry et al. 43 For gene transfer, venae cavae of donor hearts were ligated in situ to retain the perfusate. The distal aortic arch was then ligated and held in position by the suture to facilitate perfusion of the coronary vasculature via the aortic root with a 1 cc syringe and a 30 gauge needle. The donor heart was first flushed with 400 l of room temperature heparin (250 U/ml), then perfused with 250 l of room temperature DNA-liposome complexes in lactated Ringer's solution. 26 DNA-liposome complexes were constituted by combining 375 g plasmid DNA with 125 g of the cationic lipid N- (3-aminopropyl) -N,N-dimethyl-2,3-bis(dodecyloxy)-1-propaniminium bromide/dioleoyl phosphatidylethanolamine (␥AP DLRIE/DOPE), (VICAL, San Diego, CA, USA). The DNA-liposome complexes were diluted in lactated Ringer's solution for a final volume of 250 l, then incubated for 10 min at room temperature before being perfused into donor hearts. Following perfusion, donor grafts were immediately harvested and placed in iced Ringer's for approximately 1 h and then transplanted without further perfusion or wash out. In this model, the transplanted heart resumes contractions until acutely rejected, which occurs in this strain combination in 8-9 days. 26 Transplant function was monitored by daily abdominal palpation, and statistical comparison was performed with Student's t test. For histological analysis, cardiac allografts were fixed in formalin, sectioned at 5 m, and stained with either hematoxylin and eosin or trichrome for examination by light microscopy.
RNA isolation, cDNA synthesis and PCR Cardiac allografts were homogenized in 1 ml RNAzol B (Teltest, Friendswood, TX, USA), to isolate total RNA which was then treated with DNase (Boehringer Mannheim, Indianapolis, IN, USA) and 1 g used for random primer directed cDNA synthesis with reverse transcriptase (Invitrogen, Carlsbad, CA, USA). cDNA was amplified by PCR using the same primer sets and conditions that were used to clone the vMIP-II and MC148 genes. PCR products were run on 2.0% agarose gels and visualized by ethidium bromide staining. The vMIP-II primers yield a 295 base pair fragment, and the MC148 primers generate a 322 base pair fragment.
Recovery of heart infiltrating cells Hearts were removed, minced and digested with 1 mg/ml collagenase A (Boehringer Mannheim) for 30 min at 37°C. Heart infiltrating cells were washed free of collagenase and viable leukocytes enumerated by trypan blue exclusion.
Flow cytometry
Graft infiltrating cells were stained with fluoresceinisothiocyanate (FITC)-conjugated anti-CD3, CD4, CD8, and MAC-1 (Pharmingen, San Diego, CA, USA). Phenotypic analysis was performed using a Becton Dickinson (San Jose, CA, USA) FACScan flow cytometer.
Limiting dilution analysis of helper T lymphocytes (HTL)
Dilutions of recipient cells were added as responder cells to microtiter wells along with gamma irradiated (5000 R) donor-type allogeneic splenocyte stimulator cells and incubated for 16 h. 44 CTLL-20 cells (an IL-2-dependent line) were then added directly to the microcultures, in order to detect IL-2 produced by the responder cells. The microcultures were incubated an additional 24 h, including a 16 h terminal pulse with 3 H-thymidine before harvesting by aspiration on to filter mats. 
Limiting dilution analysis of cytolytic T lymphocytes (CTL)
Dilutions of recipient cells were added to microtiter wells along with gamma irradiated (5000 R) donor-type allogeneic splenic stimulator cells and incubated for 7 days. 45 To detect cytolytic activity, 51 Cr-labeled BALB/c splenocyte 3 day concanavalin A blasts were added as target cells to the microcultures. Following a 4 h incubation, microculture supernatants were assayed for release of 51 Cr in a gamma counter. Microcultures were considered cytolytic if observed chromium release exceeded the mean plus 3 standard deviations of the release observed in wells that contained targets and stimulators but no responder cells.
Limiting dilution analysis
Minimal estimates of HTL or CTL frequency were obtained according to the Poisson distribution equation as the slope of a line relating the number of responder cells per microwell (plotted on a linear x-axis) and the percentage of microwells that failed to produce IL-2 or develop cytolytic activity, respectively (plotted on a logarithmic y-axis). The slope of this regression line was determined using chi square minimization analysis, as Gene Therapy described by Taswell. 46 This analysis yields the minimal frequency estimate, the 95% confidence interval of the frequency estimate, and a chi square estimate of probability.
Alloantibody isotype P815 cells (H-2
d ) were stained for FACS analysis using a 1:50 dilution of recipient serum as the primary antibody, followed by a 1:50 dilution of FITC-conjugated isotypespecific secondary antibodies. FITC-conjugated, affinity purified sheep anti-mouse IgM, IgG1 and IgG2a were obtained from The Binding Site (San Diego, CA, USA). Data are presented as the mean channel fluorescence at this dilution as determined on a Becton Dickinson FACScan.
